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Summary 
Shigella is a genus of  highly adapted bacterial pathogens that cause bacillary dysentery in humans. 
Bacteria reaching the colon invade intestinal epithehal cells by a process of bacterial-directed 
endocytosis mediated by the Ipa proteins: IpaB, IpaC, and IpaD of Shigella.  The invasion of ep- 
ithelial cells is thought to be a receptor-mediated phenomenon, although the cellular compo- 
nents of the host that interact with the Ipa proteins have not yet been identified. We report 
here that in a Shigellaflexneri invasive system and Chinese hamster ovary (CHO) cell monolay- 
ers, the Ipa proteins were capable of interacting directly with oL5131 integrin. The invasive ca- 
pacity of S. flexneri  for CHO  cells increased as levels of cx5131 integrin were elevated. When 
CHO cells were infected with S. flexneri,  the tyrosine phosphorylation both ofpp 125 F~, an 
integrin-regulated 125 K focal adhesion kinase, and of paxillin was stimulated. In contrast, an 
isogenic strain of S. flexneri that was defective in invasion owing to a mutation in its spa32 gene 
failed to  induce  such phosphorylation. Under in vitro and in vivo conditions,  the  released 
IpaB, IpaC, and IpaD proteins bound to ot5[~  1 integrin in a manner different from that of solu- 
ble fibronectin but similar to that of the tissue form of fibronectin. At the site of attachment of 
S. flexneri to CHO cells, ot5131 integrin converged with polymerization of actin. These data thus 
suggest that the capacity oflpa proteins to interact with o~5151 integrin may be an important Shi- 
gella factor in triggering the reorganization of actin cytoskeletons. 
S 
higella  are  the  causative  agents  of bacillary  dysentery 
(shigellosis),  a disease that provokes severe, bloody diar- 
rhea in humans and other primates. An early essential  step 
leading to shigellosis is the invasion of colonic epithelial cells; 
this is followed by bacterial multiphcation and spread into ad- 
jacent cells. The invasive capacity of Shigella depends on pro- 
teins encoded by a subset of three contiguous operons (ipa, 
mxi,  and spa) in a 31-kb DNA region on the large 230-kb 
plasmid (1, 2-4). The three invasins IpaB, IpaC, and IpaD, 
encoded by the ipaBCD genes in the ipa operon, have been 
shown to play a crucial role in the invasion of epithelial cells 
by Shigella  (5), in which they could be directly involved in 
ehciting rearrangement of  host acfin cytoskeletons at the site of 
bacterial attachment to the epithelial  cells (6) and disrupting 
the  phagocytic vacuoles surrounding the  invading bacte- 
rium (3, 5). Although Ipa sequences do not contain classical 
signal peptide sequences (4, 7),  the IpaB, IpaC,  and IpaD 
proteins  can be secreted onto the bacterial surface  and re- 
leased into the external medium, but only when the Mxi and 
Spa functions are expressed (1, 2, 6, 8, 9). Release of Ipa 
proteins into the external medium is triggered upon contact of 
the bacterium with the epithehal cells (10-12), and the re- 
leased Ipa proteins form high molecular matrix structures  (13). 
When Shigella infecting tissue-cultured cell islets are ob- 
served by Giemsa stain, the bacteria tend to enter through 
the edges of  peripheral cells, which correspond to the basolat- 
eral  surface  of polarized  epithelial  cells. Indeed,  when po- 
larized colonic epithehal cells such as Caco-2 cells grown 
on a permeable filter were infected with  Shigella flexneri, 
the bacteria entered from the basolateral  surface much more 
efficiently than from the apical surface (14).  In agreement 
with this, it has been shown that the release of Ipa proteins 
from S.flexneri is triggered upon contact with polarized ep- 
ithelial cells,  and that the amounts of protein released  from 
bacteria attached to the basolateral side are much higher than 
from those attached to the apical surface (11). Furthermore, 
we previously observed that contact with extraceUular ma- 
trix, such as fibronectin (Fn) 1 laminin, or collagen type IV, 
can also trigger the release of Ipa proteins from S. flexneri 
1Abbreviations used in this paper: CHO, Chinese hamster ovary; Fn, fi- 
bronectin; RGDS, Arg-Gly-Asp-Ser;  S-Fn, superfibronectin. 
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chicken embryo fibroblasts are infected with S. flexneri,  the 
bacteria invaded cells at focal adhesions, and then started to 
move along stress fibers that radiated from the focal adhesions 
toward the nucleus.  Taken together,  these studies strongly 
suggested to us that Ipa proteins released into the environ- 
mental medium could interact with  host receptor(s), such 
as O~s]31 integrin, which are predominately expressed on the 
basolateral side of the polarized epithelial cells and are capa- 
ble of mediating actin cytoskeleton rearrangement (16). 
We thus attempted to test the above hypothesis using Chi- 
nese  hamster  ovary  (CHO)  cells. We  found  that  released 
Ipa proteins can interact with human otsl31 integrin. In this 
study, we show that the levels ofo%[3t integrin expressed in 
CHO  cells correlated with the invasive capacity of S. flex- 
neri for these cells. Infection of CHO  cells with S. flexneri 
elicited  protein  tyrosine  phosphorylation  of  integrin- 
directed  focal  adhesion  kinase  pp125 rA~  (17)  or  paxillin 
(18).  The sites of bacterial attachment to the cells were as- 
sociated with  enhanced  aggregation  of c~5131 integrin  and 
polymerization of actin. Our data suggest that the released 
Ipa proteins mimic in part the function of the tissue form of 
Fn, superfibronectin (S-Fn) (19), as the multiple ligands in- 
teract with ors[31 integrin. 
Materials and Methods 
Bacterial Strains  and Cell Culture.  S. flexneri  2a YSH6000T,  a 
spontaneous tetracycfine-, chloramphenicol-, ampicillin-, and strep- 
tomycin-sensitive derivative of YSH6000, has been previously de- 
scribed (20). Strain CS2585 contained an in-frame deletion in the 
spa32 gene on the large plasmid derived from YSH6000T  (11). 
Escherich ia coli K-12 HB101  carrying plNV ( Yersinia pseudotubercu- 
losis inv gene) was a generous gift from T.F. Meyer (Max-Planck- 
Institut,  Ttibingen,  Germany).  Unless  otherwise  indicated,  the 
bacteria were routinely grown in brain-heart infusion (BHI) broth 
(Difco,  Detroit,  MI)  at  37~  CHO  cells  were  maintained in 
MEM (Nissui, Tokyo, Japan) containing 10% FCS (Nichirei, To- 
kyo, Japan) in a 5% CO2 atmosphere. 
Invasion Assay.  The  invasive capacity of bacteria was  mea- 
sured by counting the number of viable bacteria internalized into 
the epithelial cytoplasm; a gentamicin-protection assay (11) was used 
for this purpose. 
Transfection of ClIO  Cells and Analysis of a Clone Overexpressing 
the Oes~  t Integrin.  The %[31 integrin-transfected CHO cells were 
constructed as follows: a 3.8-kb full-length cDNA clone encod- 
ing the human o~  5 integrin subunit obtained from pECE-FNRIx  s 
(21) and a 3.6-kb full-length cDNA clone encoding the human 
[~1 integrm subunit obtained from pECE-FNR[31 (21) were sepa- 
rately cloned  into  pcDNAlneo  (Invitrogen,  San  Diego,  CA). 
Both plasmids were transfected together into CHO  cells, which 
were then selected for geneticin-resistant colonies. To select the 
transfectants  expressing high levels of %[31 integrin, each of the 
transfectants was grown to confluence in a 24-well plate and as- 
sayed for the formation of Fn fibrils using FITC-labeled anti-Fn 
antibody (21).  The amounts of%[3 t integrin expressed from the 
two transfectants, CHO-HFR4 and CHO-HFR5 cells, were quan- 
tified by a previously described method (22). 
Interaction  of Released  Ipa  Proteins with  ces[31 Integrin: ELISA. 
The ability of~xs[31 integrin to bind to bacteria or Ipa proteins was 
measured as follows: A 50%d aliquot of MEM containing either 
r  bacteria or IpaB, IpaC, and IpaD released from ~10 s bacte- 
ria of wild-type S. flexneri  YSH6000T  (11,  12)  was placed into 
96-well microtiter plates and incubated at room temperature for 2 h. 
The MEM was then removed, and the wells were washed twice 
with PBS-0.05% Tween 20. 50 btl of PBS containing tXs[31 inte- 
grin  (10  I.~g/ml) prepared with  a  120  K-Fn column  (21)  was 
added, and the plate was incubated at 37~  for 1 h. The amount 
of bound  tx5~31 integrin  was  determined  by ELISA with  anti- 
(xs(mAb KH/33) and ~l(mAb SG/19) integrin antibody. 
Immunopredpitation  Assay.  ct5~3  t integrin added to 1 nil of  MEM 
containing  Ipa proteins released from  ~108  cells  of S. flexneri 
YSH6000T  (ci5~31 integrin concentration, 20  p.g/ml) was incu- 
bated at 37~  for 20  rain in an incubator containing 5%  CO2. 
The  sample was then immunoprecipitated with the appropriate 
antibody and incubated at 4~  overnight; this step was followed 
by precipitation using protein A-Sepharose beads for 1 h at room 
temperature. The precipitates were washed with PBS and analyzed 
by immunoblotting with  either anti-else31 integrin antibody or 
anti-IpaB, IpaC, and IpaD antibody, oLs[31 integrin was  detected 
by 7% SDS-PAGE under nonreducing conditions, whereas lpaB, 
IpaC and IpaD were detected by 10% SDS-PAGE under reduc- 
ing conditions. 
ImmunostainingAssay.  CHO-HFR5  cells  (N2  ￿  105  cells/ 
rnl) were suspended in 2 ml of MEM containing IpaB, IpaC, and 
IpaD released from ~108 bacteria of YSH6000T  (wild-type) or 
CS2585  (Aspa32)  and then cultured for 24  h  at 37~  IpaC or 
c~5]31 integrin were labeled by indirect immunofluorescence with 
rabbit antiserum raised against IpaC or mouse monoclonal antibody 
against c,5131 integrin plus either a goat anti-rabbit rhodamine-con- 
jugated lgG or an anti-mouse FITC-conjugated IgG as the second 
antibody. 
S-Fn Production.  S-Fn was produced as follows (19).  Fn was 
incubated with IIII-C, which was generated by a cDNA encod- 
ing the COOH-terminal two-thirds of the first type III repeat of 
Fn (19), at 37~  for 24 h. As a negative control for III1-C, III11, 
which is an analogous region from the  11th  type III repeat (19), 
was used instead of IIIrC. The recombinant III1-C or II111 pro- 
teins were produced by the QIA express system with prokaryotic 
expression plasmid pQE-12  (Qiagen, Chatsworth,  CA). Recom- 
binant  proteins  were  purified  on  Ni-NTA  chromatography 
(Qiagen). 
Integrin-Matrix  Complex Invasion Inhibition Assay.  cx5[31 integrin 
was  mixed  with  an  equal  concentration  of Arg-Gly-Asp-Ser 
(RGDS) peptides, Fn, Fn and IIIrC  (S-Fn), or Fn and IIIll in 
Tris-saline (pH 7.5)  containing 3 mM MnCI  2 buffer (21) and in- 
cubated for 3 h  at 4~  The %[31 integrin-matrix complex thus 
produced  was  added to  MEM  in  which  YSH6000T  was  sus- 
pended at a multiplicity of infection of 100. This suspension was 
added onto the CHO-HFR5 cell monolayers, centrifuged at 700 
g for 10 rain at room temperature, and incubated for 20 rain at 
37~  The number of internalized bacteria was measured by the 
gentamicin-protection assay. 
Analys# ofTyrosine Phosphorylation.  CHO cells were cultured in 
six-well plates to 80% confluence and iitfected with either wild-type 
S.flexneri strain YSH6000T or with the spa32 mutant CS2585 at 
a multiplicity of infection of 100 in MEM. Infection was carried 
out by centrifugation at 700 g for 10 min at room temperature fol- 
lowed by incubation for 10-30 rain at 37~  Cells were washed 
with HBSS and lysed in 0.5 ml oflysis buffer (10 mM Tris-HCt, 
pH 7.6, 5 mM EDTA, 50 mM NaCI, 30 mM sodium pyrophos- 
phate, 50 mM NaF, 1% Triton X-100,  100 ~zM Na3VO 4, 1 mM 
PMSF) per well. lmmunoprecipitation and immunoblotting were 
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antiphosphotyrosine antibody PT-66, anti-pp125 F~, antibody 2A7, 
and antipaxillin antibody 349 were purchased from Sigma Chem- 
ical Co. (St. Louis, MO), Upstate Biotechnology Inc. (Lake Placid, 
NY), and A~niti Research Products Ltd. (Exeter, United King- 
dom), respectively. 
Confocal Laser Scanning Microscopy.  Cells were examined on a 
confocal laser scanning microscope equipped with dual detectors 
and an argon-krypton (Ar/Kr) laser for simultaneous scanning of 
three  different fluorochromes  (MRC-1000;  Bio-Rad Laborato- 
ries, Richmond, CA). 
Results 
Effect  of Levels  of Ots~ I Integrin  on  the Invasion  Capacity  of 
S.flexneri.  To  assess  whether  the  level  of oesl3  ~ integrin 
expressed  in  mammalian  cells  affected  the  invasion  effi- 
ciency  of S. flexneri,  we  used  CHO  cells since  these  cells 
have  been  extensively  used  to  characterize  functions  of 
cls[31 integrin (21). To obtain CHO  cell lines capable of ex- 
pressing ee5[31 integrin  at a high level, pcDNAlneo  vectors 
containing  cDNA encoding human 0t  5 or 131 integrin  (21) 
were cotransfected into the CHO  cells. Transfectants capa- 
ble of expressing high levels of ot5131 integrin were chosen to 
test the relationship between levels ofoLs[3 t integrin and the 
invasion  efficiency of S. ffexneri.  Two transfectants,  CHO- 
HFR5  and  CHO-HFR4,  expressed  cl513  ~ integrin  levels 
that were 7.4- and 3.1-fold higher, respectively, than those 
of the  parent  CHO  cells.  The  invasion  efficiencies  of the 
two  transfectants  by  the  wild-type  strain  of S.  flexneri 
YSH6000T  were  15.4-fold  (CHO-HFR5)  and  7.6-fold 
(CHO-HFR4),  respectively, higher than that for the CHO 
cells (Fig.  1), as measured by the gentamicin-protection assay. 
The invasion of the two transfectants and the parental CHO 
cells by CS2585  (a noninvasive spa32 mutant)  (11)  was al- 
ways  low  (<1%)  compared  with  that  of CHO  cells  by 
YSH6000T  (100%).  Strain CS2585  carries an in-frame dele- 
tion mutation in spa32,  a  gene  in  the  spa operon  required 
for secretion of the IpaB, IpaC, and IpaD proteins into the 
external medium.  This mutation  renders  the bacteria defi- 
cient in their ability to enter the  host cell  (11,  12).  An E. 
coli K-12  strain  (HB101  harboring  plNV)  that  expresses 
Yersinia  invasin,  an  outer  membrane  protein  required  for 
the bacteria to bind to 0~s[31 integrin  (23), entered the trans- 
fectants  with  higher  efficiencies  (15.5-fold  for  CHO- 
HFR5 and 7.0-fold for CHO-HFR4,  respectively) than did 
the parental CHO  cells (Fig.  1). 
Binding of Ipa Proteins to ees~31 Intern.  Since the IpaB, IpaC, 
and  IpaD proteins  released from Shigella  were  most likely 
interacting with the target cell (10,  11), we tested ots[31 in- 
tegrin  for its  ability  to bind  to  Ipa proteins  released  from 
YSH6000T  into  the tissue-culture  medium (MEM).  IpaB, 
IpaC, and IpaD proteins present in MEM were coated onto 
the wells of a microtiter plate, to which ot5131 integrin  was 
added;  the plate was incubated  at 37~  for 1 h. As shown 
in  Fig.  2  A,  a  sigmi.  ficant  amount  of bound  ct5131 integrin 
was detected.  We then seeded YSH6000T  or HB101  car- 
rying pINV  grown  in  brain-heart  infusion  broth  at 37~ 
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Quantification of bacterial invasion of %131 integrin-trans- 
fected CHO cells. The number of internalized bacteria were measured by 
gentamicin-protection assay. Figures represent relative numbers of inter- 
nalized bacteria compared with CHO cells. (A) CHO cells; (/3) CHO- 
HFR4 cells; (C) CHO-HFR5 cells; (D) CHO-Mock (vector). Lanes 1, 
YSH6000T (wild-type S.flexnen); lanes 2, CS2585 (Aspa32); lanes 3, E. coil 
K-12 HB101 carrying plNV. The data shown are the means of triplicate 
experiments; the top bar shows the SEM. 
into  the  wells  of a  microtiter  plate,  added  Cis~ 1 integrin, 
and  incubated  the  plate  at  37~  for  1  h.  However,  the 
binding of oL5131 integrin to whole YSH6000T  bacteria was 
barely detectable  (Fig.  2  A),  even though  the  IpaB,  IpaC, 
and  IpaD proteins  were presented  on the  surface (11,  24). 
As has been previously shown  (23), a significant amount of 
cis[31 integrin bound to HB101  harboring plNV. 
To  further  demonstrate  the  ability  of ot5~ 1 integrin  to 
bind  to the  released Ipa proteins,  o~5~  1 integrin  was added 
to  MEM  containing  released  IpaB,  IpaC,  and  IpaD  pro- 
teins,  and  the  mixture was incubated  at 37~  for 20  min. 
The proteins  in the  MEM  were then immunoprecipitated 
with  anti-ix 5 or anti-~l  antibody,  or with  anti-IpaB,  anti- 
IpaC, or anti-lpaD antibody; the precipitated proteins were 
separated on SDS-PAGE and analyzed by immunoblotting 
with  antibody specific for IpaB,  IpaC,  and  IpaD proteins. 
As shown in Fig.  2  B, all the precipitates contained similar 
levels of Ipa proteins.  Each of the precipitates separated by 
SDS-PAGE  were  also  immunoblotted  with  anti--~ s  or 
anti-~l  integrin  antibody.  Both  the  ots  and  ~1  integrins 
were precipitated by the antibodies specific for either IpaB, 
IpaC, or IpaD (Fig. 2  C); this observation suggests that the 
Ipa proteins bound to the integrin to form a complex. 
To visualize directly the specific interaction oflxs[31 inte- 
grin with the  Ipa proteins,  CHO-HFR5  cells cultivated in 
the presence of IpaB, lpaC,  and  IpaD proteins in MEM  at 
37~  for 1 d were stained with FITC-labeled anti--~Xs[31 in- 
tegrin  monoclonal  antibody  or  rhodamine-labeled  anti- 
IpaC  antibody  and  were  examined  for the  localization  of 
the integrin  and Ipa proteins  by use of confocal laser scan- 
ning microscopy. As seen in Fig. 2 D, sites at the periphery 
of CHO-HFR5  cell islets or spots beneath the cells rich in 
993  Watarai et al. Figure 2.  Binding oflpaB, IpaC, and IpaD to otsJ31 integrin. (A) Integrin-binding  activity. The left and right panels indicate binding activity ofcxs[3  t 
integrin to Ipa proteins released into the external medium or whole bacterial cells, respectively. Lanes 1, culture supernatant (MEM) containing IpaB, 
IpaC, and IpaD released from YSH6000T  (wild-type S.flexnen); lane 2, same as 1 but with IpaB, IpaC, and IpaD removed by immunoprecipitation  with 
anti-IpaB,  IpaC, and IpaD antibodies; lane 3, MEM from the spa32 mutant of S. flexneri (no Ipa proteins); lane 4, YSH6000T;  lane 5,  E.  coli K-12 
HB101 carrying plNV; lane 6, no bacteria (bovine serum albumin). (B) Demonstration of affinity of Ipa proteins for ot5~3  ~ integrin by immunoprecipita- 
tion with anti-IpaB, anti-IpaC, or anti-IpaD antibody and anti-or5  or anti-~31 integrin antibody. Im_munoprecipitates  with anti-~  s integrin (lane I), anti- 
j31 integrin (lane 2), anti-IpaB (lane 3), anti-IpaC (lane 4), or anti-IpaD (lane 5) were analyzed by immunoblotting  with anti-IpaB, IpaC, and lpaD. (C) 
Immunoprecipitates with anti-lpaB (lane 1), anti-lpaC (lane 2), anti-IpaD (lane 3), rabbit preimmune serum (lane 4), anti-~  s integrin (lane 5), or anti-J31 
integrin (lane 6) were analyzed by immunoblotting  with anti-cxsJ3  a integrin. (D) Interaction oflpa proteins with cx513  t integrin. Confocal microscopic im- 
ages of CHO-HFR5 cells cultivated with released Ipa proteins (panels 1-3). Panels 1, irmnunostaining with rhodamine-anti-lpaC (red); panel 2, FITC- 
anti-~XsJ31 integrin (green). The red and green fluorescence images were recorded separately (panels 1 and 2) and merged (panel 3). Co-localization is in 
yellow. Bar, 10 ~m. 
OCs~  ~ integrin also  showed  accumulation of IpaC  protein. 
Similar results were  also  obtained for  IpaB  and IpaD  pro- 
teins (data not shown).  From these findings we  concluded 
that Ipa proteins released into the external medium can in- 
teract directly with OCsJ31 integrin. 
Interference  of ees~ 1 Integrin  with  the Invasion  of ClIO  Cells 
by S. flexneri.  To confirm that the binding of Ipa proteins 
to  the  integrin  was  indeed  involved  in  the  invasion  of 
CHO  cells  by ShigeUa,  we  investigated whether  the  addi- 
tion  of o~513  ~ integrin into  the  MEM  affected  the  invasive 
capacity  of YSH6000T  for  CHO-HFR5  cells.  We  found 
that  as  the  concentration of added OCs[31 integrin in MEM 
increased,  the  invasive  capacity  of YSH6000T  decreased, 
and at a concentration of 20 I.Lg/ml, inhibition of the inva- 
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maximum  of 64%  of the  inhibition  (zero)  seen  without 
0e5131 integrin  (Fig. 3 A). Since oe5131 integrin is the receptor 
for Fn, and the R.GDS peptides are responsible for binding 
to  oLs131 integrin  (25),  Fn  or  RGDS  peptides  mixed  with 
Figure 3.  Effect of S-Fn on binding of IpaB, IpaC, and/paD to (,5131 
integrin. (A) Inhibition of YSH6000T  (wild-type S. flexnen) invasion of 
CHO-HFR5 cells. Various proteins were added to MEM at various con- 
centrations. Bovine serum albumin (r-I); eesl31 integrin (￿9  oLsl31 integrin 
and R.GDS peptides (A); %~1 integrin and Fn  (I); ets[~  1 integrin and 
S-Fn (produced by 1 t~M III1-C per Ixg/ml Fn)  (0); Ots131 integrin and 
Fn/llIli  (negative control; produced by 1 p,M III  N per ~g/ml Fn)  (A). 
Results are shown as a percentage of the number of invaded bacteria that 
was reduced by addition of the indicated protein-protein  complexes to 
MEM. Data shown represent the mean of triplicate experiments, and the 
bars show the SE of the mean. (B) hthibition  of binding of IpaB, IpaC, 
and IpaD to as131 integrin. The asl31 integrin (20 I~g/rrd)-matrix com- 
plex (lane I, no addition; lane 2, Fn [20 Ixg/ml]; lane 3, S-Fn [Fn, 20 p,g/ 
rrd; Ilia-C, 20 I~M]; lane 4, II11-C [20 IxM]) or 10 mM EDTA (lane 5) 
was added to MEM  containing released lpa proteins. Ipa proteins and 
a5131 integrin were immunoprecipitated with anfi--asl31 integrin antibody 
and then probed with anti-IpaB, IpaC, and IpaD antibodies. 
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a5131 integrin  were added to the MEM  to see whether the 
invasive  capacity  of YSH6000T  was  affected.  The  results 
showed  that  both  Os  1 integrin-Fn  and  -R.GDS  peptides 
complexes  added  to  the  MEM-inhibited  invasive  capacity 
(Fig.  3  A),  suggesting  that  the  interaction  of Ipa proteins 
with Ix5131 integrin is apparently different from that with Fn 
or RGDS  peptides.  A  recent study indicated  that the tissue 
form of Fn exhibits disulfide cross-linked structures with mul- 
timers of high relative molecular mass that resemble matrix 
fibrils; this structure is S-Fn (19).  In that study, the interac- 
tion ofoes[3  ~ integrin with S-Fn was differentiated from that 
with  Fn  (19),  thus  prompting  us  to  test whether  the  (15~ 1 
integrin-S-Fn  complex added  to  the  MEM  interfered  with 
elticient  CHO  cells invasion by YSH6000T.  By incubating 
Fn  with  III1-C  fragment  (COOH-terminal  two-thirds  of 
the III1 repeat of Fn molecular)  (19), the resulting S-Fn was 
checked by the methods  described previously  (19)  and in- 
cubated  with  0es[31 integrin  before  addition  of the  MEM. 
The  addition  of o~5131 integrin-S-Fn  complex  did  restore 
the invasive capacity to YSH6000T  at a level similar to that 
observed  without  OL5~  1 integrin  (Fig.  3  A).  However,  the 
addition of Fn incubated with III~1 fragment (negative con- 
trol)  (19)  to the MEM failed to restore the invasive capacity 
(Fig.  3  A),  suggesting  that  the  interaction  of Ipa proteins 
with  o~131 integrin  was distinct  from that with  soluble  Fn, 
but rather resembles that with S-Fn. To confirm this, the ca- 
pacity of S-Fn to interfere with the binding of Ipa proteins 
to (x513  ~ integrin was further investigated. 
Preincubation  of  Ot5~ 1  integrin  with  S-Fn  or  Fn  was 
added to the MEM  containing  IpaB,  IpaC,  and  IpaD pro- 
teins,  and  the  mixture  was incubated  at 37~  for 20  min. 
Proteins  immunoprecipitated  by  anti-asl~ 1 integrin  anti- 
body were then analyzed by immunoblots  using anti-IpaB, 
IpaC,  and IpaD antibodies.  The data showed that Oes131 in- 
tegrin  preincubated  with  S-Fn,  but  not  with  Fn,  failed  to 
bind all three  Ipa proteins  (Fig.  3  B).  In this assay, we also 
tested  the effect of EDTA  (10 raM)  on the binding  of the 
Ipa  proteins  in  MEM  to  added  OLsl3  l  integrin,  since  the 
binding  of Fn,  but  not  S-Fn,  to  oLs131 integrin  was previ- 
ously shown  to be  completely blocked  in  the  presence  of 
EDTA  (26).  As  expected,  the  presence  of 10  mM  EDTA 
had no effect on the binding oflpa proteins to the (xs131 in- 
tegrin; this finding further supports the concept that the in- 
teraction is similar to S-Fn binding  (Fig. 3  B). These results 
thus clearly demonstrate that the interaction  of Ipa proteins 
with o~5131 integrin is involved in the invasion of CHO  cells 
by Shigella. 
Induction of Tyrosine Phosphorylation of  pp 125  FAI( and Paxil- 
fin upon Infection of CHO cells by S. flexneri.  Since  protein 
tyrosine  phosphorylation  is  one  of the  earliest  events  de- 
tected  in  response  to  integrin  stimulation  (16),  we  tested 
whether  infection  of CHO  cells  by  Shigella induced  ty- 
rosine phosphorylation of proteins. Accordingly,  CHO  cells 
were infected with YSH6000T for 10, 20, and 30 rain, and 
tyrosine-phosphorylated  proteins  were  analyzed by immu- 
noblotting  with  an  antiphosphotyrosine  monoclonal  anti- 
body.  S. flexneri  infection  increased  the  tyrosine phospho- 
rylation of at least two prominent species of relative molecular mass 125,000 (125 kD) and 70,000 (70 kD) (data not shown), 
Cultured CHO  cells infected using CS2585 (spa32 mutant) 
failed  to  show  an  increased  tyrosine  phosphorylation  of 
these  proteins  (data  not  shown),  strongly  suggesting  that 
entry of Shigella into CHO  cells was responsible for the in- 
duced tyrosine phosphorylation of the 125- and 70-kD pro- 
teins that was observed. These proteins were tentatively iden- 
tified  as integrin-regulated  focal adhesion kinase  pp125  F^K 
(17) and paxiUin (18). Hence, the phosphorylated 125- and 
70-kD  proteins  appearing in the  CHO  cells  infected with 
S. flexneri were examined using anti-pp125 FAK or anti-pax- 
illin mAbs. At 10, 20,  and 30 min after infection of CHO 
cells with  S. flexneri or with the noninvasive spa32 mutant 
CS2585, whole CHO cell lysates were immunoprecipitated 
with the anti-pp125 FAK or anti-paxillin antibody. The pro- 
teins in the precipitates  were separated by SDS-PAGE and 
immunoblotted  with  the  anti-phosphotyrosine  antibody. 
Phosphorylated 125- and 70-kD proteins were detected in 
CHO cells infected with wild-type S. flexneri (Fig. 4, A  and 
B, lanes  3  and 4) that were not observed in CHO  cells  in- 
fected  with  the  noninvasive  mutant  CS2585  (spa32  mu- 
tant)  (Fig.  4, A  and B, lanes  5-7).  In agreement with  this 
finding,  when  CHO  cells  were  pretreated  with  genistein 
(125  p~M),  a  tyrosine kinase  inhibitor,  the  levels  of phos- 
phorylation ofppl25 FAK and paxillin  at 20 or 30 rain after 
infection  with  YSH6000T  were  substantially  lower  than 
those  without  genistein  (data  not  shown).  Appearance  of 
tyrosine-phosphorylated  pp125 FAK  and  paxillin  were  also 
detected  in  human  colonic  Caco-2  cells  when  infected 
with YSH6000T,  but not with  CS2585  (data not shown). 
Indeed,  the  capacity of YSH6000T  to  invade  CHO  cells 
declined  to  7.9%  of the  initial  invasive  capacity  (100%) 
when the  CHO  cells were pretreated  with  genistein  (125 
p~M).  This  observation  demonstrates  that  infection  of 
CHO  cells by S. flexneri involves the tyrosine phosphoryla- 
tion of proteins, including pp125  rAK and paxillin. 
Accumulation  of as~ 1 lntegrin  upon Attachment of S. flexneri 
to CHO Cells.  Enhancement  of the  tyrosine  phosphory- 
lation  of pp125  rAK  and  paxillin  in  CHO  cells  has  been 
Figure 4.  Tyrosine  phosphorylation  of CHO cell proteins upon S.flex- 
hen invasion. Samples are from uninfected cells (lane 1), from cells in- 
fected with wild-type S. flexneri for 10 rain (lane 2), 20 min (lane 3), 30 
rain (lane 4), and from cells infected with the S. flexneri spa32 mutant for 
10 rain (lane 5), 20 n-fin (lane 6), and 30 rain (lane 7). Numbers to the left 
indicate the-positions of  molecular weight standards. Cell lysates were im- 
munoprecipitated with anti-pp125  Fta~ mAb 2A7 (A) or anti-paxillin mAb 
347 (B); the precipitates were separated by 10% SDS-PAGE, transferred 
to nitrocellulose, and probed with the antiphosphotyrosine  m.Ab PT-66. 
Figure 5.  Localized  rearrangement of CXs[3  , integrin and F-actin at the 
site of S. flexneri attachment to CHO-HFR5 cells. (A) Mouse FITC- 
labeled and-aslB  1 integrin. (B) Rahodamine-labeled phalloidin. (C) Cy5- 
labeled anti-S, flexneri 2a LPS. The arrowheads mark txs]31 integrin clus- 
tering sites (A), actin polymerization (B), and attached bacteria (C). 
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toskeleton at the focal point of adhesion, a consequence of 
the clustering ofintegrins (27). We examined whether clus- 
tering of ot5131 integrin was induced upon invasion of epi- 
thelial  cells  by ShigeUa. 20  rain  after infection of CHO- 
HFI<5  cells  with  the  wild-type  strain  of S. flexneri,  the 
CHO cells were immunostained with FITC-labeled anti- 
o~s[31 integrin mAb  (Fig.  5 A), rhodamine-labeled phalloi- 
din (Fig. 5 B), and Cy5-1abeled anti-S, flexneri 2a LPS anti- 
body (Fig. 5 C); the stained cells were analyzed by confocal 
laser scanning microscopy. Accumulation of ots[31 integrin 
appeared  at  the  site  of bacterial  attachment,  where  actin 
polymerization occurred (Fig.  5).  The accumulated o~5131 
integrin at the site of attachment of YSH6000T resulted in 
the convergence of vincuhn and talin (data not shown). As 
expected, attachment  of CS2585  (spa32  mutant)  induced 
neither actin polymerization nor accumulation of ots[31 in- 
tegrin (11). 
Discussion 
The data provided in this study indicate that Ipa proteins 
released from S. flexneri  are  capable  of direct binding  to 
0~513  ~ integrin--a  reaction  that  may  mediate  the  signal 
transduction  required  for  activating focal  adhesion  func- 
tions  such  as  tyrosine  phosphorylation  of pp125  F^K  and 
paxillin or reorgamzation of actin cytoskeletons. The evi- 
dence for this was deduced from five independent approaches: 
(i) the effect of different levels of cxsJ31 integrin expressed 
from CHO cells on the invasive capacity of S.flexneri;  (ii) 
the binding capacity of c~5131 integrin to  IpaB,  IpaC,  and 
IpaD proteins; (iii) competitive inhibition of Shigella inva- 
sion with oL5131 integrin; (iv) protein tyrosine phosphoryla- 
tion ofppl25  F~ar and paxillin by infecting S.flexneri; and (v) 
the convergence of o~5f31 integrin, vinculin, and talin at the 
site  of bacterial  attachment  to  CHO  cells.  These  results 
agree with the observed properties of invasion by Shigelta. 
Indeed, the bacterial entry into the polarized epithelial cells 
takes place much more efficiently through the basolateral 
side  than from the  apical surface, in that oL5131 integrin is 
predominantly  expressed  on  the  basolateral  surface  (14). 
The release of Ipa proteins from Shigella is triggered upon 
contact with  extraceUular matrix such  as  Fn,  Laminin,  or 
collagen type IV (11).  S. flexneri infecting chicken embryo 
fibroblasts were shown to enter from the focal adhesions, 
and the invading bacterium move along stress fibers toward 
the nuclei (15). 
The IpaB, IpaC, and IpaD proteins bind to ots[31 integrin 
in MEM, as shown by immunoprecipitation methods with 
either anti-IpaB, -IpaC, or-IpaD antibody, or with anti-or  5 
or -131 integrin antibody (Fig.  2).  Although ot5131 integrin 
added to microtiter plate wells coated with Ipa proteins ex- 
hibited binding ability, the integrin failed to bind to S. flexo 
neri cell-coated wells,  even though the bacteria expressed 
Ipa proteins on the cell surface. This observation indicates 
that only released Ipa proteins, and not the cell-bound form, 
can interact with the host receptor, 0~5131 integrin. Since Ipa 
proteins  released into  the  external medium  from Shigella 
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exist as a complex (28) or as high molecular matrices (13) 
and the ability of Shigella to release Ipa proteins is essential 
for invasiveness (11,  12),  it is likely that only the Ipa pro- 
teins  released into  the  medium  are  able  to  interact with 
host receptors, such as cxsl31 integrin. However, this possi- 
bility remains to be proved. If our notion is true that the 
Ipa proteins could be released to allow invasion by S. flex- 
neri, then we need to address the question of how this pro- 
cess leads to bacterial entry into cells. Although no data are 
now available,  it is possible that Ipa proteins detached from 
the cell surface upon contact with extracellular matrix may 
still be loosely associated with the bacterial surface and may 
form some matrix-like structures  (13)  through which the 
released  Ipa  proteins  could be  associated  with  other  Ipa 
proteins  still  bound  to  the bacterial surface.  This process 
may lead to uptake of bacteria by the host cells at actin and 
integrin loci. 
The Ipa protein interaction with o~5~  1 integrin seemed 
different from that between soluble Fn and oL5[31 integrin; 
rather,  this interaction resembled that between S-Fn  and 
o~5131 integrin. As shown in Fig. 3, neither the invasive effi- 
ciency of Shigella for CHO cells nor the binding capacity of 
the Ipa proteins to o~5~  1 integrin was inhibited by the pres- 
ence of Fn or its  P,  GDS peptides, but was  competitively 
inhibited by S-Fn. It has been shown that S-Fn binds more 
efficiently to cx5~  1 integrin than does soluble Fn, and that 
the binding is less dependent on the presence of divalent- 
cations than that of Fn  (19).  Indeed, the binding of oLsl31 
integrin to the Ipa proteins was not inhibited even in the 
presence of 10 mM EDTA. Since released lpa proteins can 
form high molecular matrix forms (13)  (Watarai,  M., un- 
published  results),  it is  likely that they mimic,  at least in 
part,  the  multivalent ligand-binding property of S-Fn  to 
Ol5~ 1 integrin.  In addition, we showed that attachment of 
YSH6000T (wild type S. flexnen),  but not CS2585  (spa32 
mutant), to CHO cells elicits convergence ofo~5J31 integrin 
and F-actin (Fig. 5), that is concomitant with accumulation 
of vinculin  or  talin  (Watarai,  M.,  unpublished  results). 
These cellular events, including the tyrosine phosphoryla- 
tion of pp125 FAK and paxillin, have been demonstrated to 
be induced in response to the clustering of integrin caused 
by multiple ligand interactions (16, 29). 
Although the detailed mechanisms underlying the inter- 
action of the  Ipa protein complex with ~x5131 integrin re- 
main to be elucidated, it is worth noting that some proper- 
ties  of the  binding  of Ipa  proteins  to  oLs~  1 integrin  are 
apparently  different  from  the  characteristics  reported  for 
Yersinia invasin  (Inv), a protein able to bind to oLs[31 inte- 
grin and to promote uptake  of bacteria by epithelial cells 
(23).  Yersinia Inv can interact with 0~5131 integrin as an outer 
membrane-bound form (23),  whereas the  Ipa proteins of 
Shigella  can interact only after they are released from the 
bacterial surface. The binding of Inv protein to o~5~  1 inte- 
grin  can be  competitively inhibited  by Fn  or its  R.GDS 
peptides, but Fn interaction requires divalent-cation such as 
Mg  2+  (30), whereas the binding capacity of Ipa proteins to 
cx5131 integrin can be competitively inhibited by S-Fn (Fig. 
3). Thus, it would be of great interest to distinguish further the  functional  difference in the  interaction  of the  released 
Ipa proteins  with  %[31  integrin  from  that  of  Yersina Inv 
protein at the molecular level. 
Entry of pathogenic  bacteria into  the intracellular  com- 
partment of host cells or intimate attachment to the host cells 
is involved in eliciting protein tyrosine phosphorylation,  al- 
though the pathogenic life cycles of these bacteria are quite 
divergent. Uptake of Y. pseudotuberculosis into epithelial cells 
is triggered by the binding oflnv protein to [31 integrins of 
the host cells (23). Uptake of the bacteria can be specifically 
blocked  by inhibitors  of protein  tyrosine  kinase  (31).  Sal- 
monella typhimurium  can efficiently enter polarized epithelial 
cells  such  as MDCK  and  Henle-407  cells from  the  apical 
surface  (32),  and  evokes  host-cell  protein  tyrosine  phos- 
phorylation, which is required for membrane ruffling at the 
site of bacterial attachment to the epithelial cells (33).  Inti- 
mate contact of enteropathogenic  E. coli (EPEC)  with epi- 
thelial cells elicits tyosine phosphorylation  of a yet uniden- 
tified  host  protein  called  Hp90,  which  seems  to  be 
involved  in  assembly  of the  host  actin  cytoskeleton  and, 
possibly,  in  the  uptake  of bacteria  by  the  epithelial  cells 
(34). S. flexneri entry into HeLa or Caco-2 cells has recently 
been observed to induce  tyrosine phosphorylation  of cort- 
actin, a cytoskeleton-associated protein tyrosine dinase sub- 
strate, through overexpression ofproto-oncoprotein pp60 c-~r~ 
(35).  Furthermore,  we  have  observed  that  the  entry  of 
YSH6000T  (wild type of S. flexnen)  into  CHO  cells  (Fig. 
4)  or  Caco-2  cells  (Watarai,  M.,  unpublished  results)  can 
elicit tyrosine phosphorylation ofppl25 F^K and paxillin pro- 
teins, and that the invasive capacity of YSH6000T for CHO 
cells declined to 7.9% of the initial invasive capacity (100%) 
when  the  CHO  cells  were  pretreated  with  genistein  (125 
~M). Thus, these results suggest that protein phosphorylation 
associated with the reorganization of the actin cytoskeleton 
is involved in the invasion of epithelial cells by Shigella, al- 
though  it  remains  to  be  elucidated  what  kind  of cellular 
signal  transduction  pathway(s)  are  used  in  the  invasion  of 
epithelial cells by Shigella. Further studies are needed to un- 
derstand  the mechanisms  underlying  the process by which 
Shigella  enters  eukaryotic  cells  that  are  non-professional 
phagocytes. 
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